Introduction {#s1}
============

The initiation of intracranial aneurysms (IAs) is multifaceted, and hemodynamic insult is believed to be a causative factor [@pone.0101721-Fujiwara1]--[@pone.0101721-Wolf1]. The preferential location of IAs to the apices of bifurcations or outer curvatures of blood vessels coupled with a number of clinical observations of de novo aneurysm formation following carotid occlusion, with incidences ranging form 0.7 to 20% [@pone.0101721-Fujiwara1], [@pone.0101721-Briganti1]--[@pone.0101721-Timperman1], have implicated increased blood flow in the genesis of IAs. To study hemodynamic mechanisms of IAs, we have developed a rabbit basilar terminus (BT) IA model by ligating both common carotid arteries to increase flow through the basilar artery [@pone.0101721-Gao1], [@pone.0101721-Meng1]. A striking response at the BT is extensive loss of internal elastic lamina (IEL), which occurs as early as 2 and 5 days post flow increase [@pone.0101721-Meng1], [@pone.0101721-Kolega1] and localizes to regions of the apex experiencing high wall shear stress and flow acceleration [@pone.0101721-Metaxa1]. The IEL loss and wall thinning is attributed to matrix metalloproteinases (MMPs), that include MMP-2 and MMP-9 [@pone.0101721-Kolega1]. Interestingly, smooth muscle cells (SMCs), not infiltrating macrophages, are the source of MMPs in the vascular wall early-on in flow-induced aneurysm initiation [@pone.0101721-Mandelbaum1]. The mechanisms leading to SMC activation and their MMP production are unknown.

Previous studies have highlighted critical, yet contradictory roles for nitric oxide (NO) in regulating MMP induction in flow-dependent remodeling [@pone.0101721-Aoki1], [@pone.0101721-Tronc1]. Inhibiting NO synthesis decreased MMPs and reduced adaptive outward expansion in chronic flow-loaded arteries [@pone.0101721-Tronc1]. However, knockout of eNOS in hypertensive rodents resulted in increased MMPs and IA formation [@pone.0101721-Aoki1]. On the other hand, superoxide and other reactive oxygen species (ROS) (e.g., peroxynitrite, a reaction product of NO and superoxide) induce MMP production [@pone.0101721-Gurjar1] and activation [@pone.0101721-Nelson1] and also trigger SMC phenotype changes [@pone.0101721-Lee1], [@pone.0101721-Sung1]. In rodents with unilateral carotid ligation, hypertension, and matrix weakening, scavenging for ROS reduced aneurysm formation. Thus NO or superoxide and/or their reaction product, peroxynitrite, are potential effectors of MMPs during aneurysm initiation triggered by hemodynamics.

Given the widely acknowledged roles of NO and superoxide in flow-mediated remodeling, we sought to determine if NO and/or superoxide are important in hemodynamic-driven IA initiation. Specifically, we asked if changes in these molecules lead to SMC de-differentiation, marked by loss of α-actin and MMP-2 and -9 production, and subsequent IA initiation. To this end, we inhibited NO production and scavenged superoxide to test the role of these respective molecules during aneurysm initiation. This study sheds light on the signals that induce production of MMPs in IAs, which could provide additional avenues by which to manipulate disease progression.

Methods {#s2}
=======

Ethics Statement {#s2a}
----------------

All procedures were approved by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo (protocol \#NSG22112Y "Hemodynamic Induction of Pathologic Remodeling Leading to Intracranial Aneurysms", Hui Meng, principal investigator).

Hemodynamic Induction of IA {#s2b}
---------------------------

IAs were induced at the BT in sexually mature (6--8 month old), unmated, female New Zealand White rabbits (n = 19) via bilateral ligation of the common carotid arteiress as previously described [@pone.0101721-Gao1], [@pone.0101721-Meng1], [@pone.0101721-Metaxa1]. In rabbits, the cerebral circulation is fed through three major vessels: the common carotid arteries and the basilar artery. When both carotid arteries are ligated, blood is re-routed through the basilar artery to restore perfusion throughout the brain thus causing a compensatory flow increase in the basilar artery [@pone.0101721-Gao1], [@pone.0101721-Meng1], [@pone.0101721-Metaxa1], [@pone.0101721-Hoi1]. We previously determined that bilateral carotid ligation consistently results in a 400 to 900% flow increase through the basilar artery, as measured with transcranial Doppler ultrasonograohy [@pone.0101721-Gao1], [@pone.0101721-Hoi1]. Flow increase through the basilar artery results in loss of the IEL at the BT visible within 2 days and progressive media thinning and bulge formation [@pone.0101721-Gao1], [@pone.0101721-Meng1], with thin-walled, wide-necked bulges being seen 6 months after ligation [@pone.0101721-Meng1]. These bulges localize to a similar location and with similar histopathological characteristics as human aneurysms. In sham-operated animals (n = 5), the carotids were exposed, but not ligated.

NOS Inhibition and Superoxide Scavenging {#s2c}
----------------------------------------

The L-arginine derivative, N(G)-nitro-L-arginine-methyl ester (LNAME), was used to inhibit NOS activity in one group of bilaterally carotid-ligated rabbits (n = 7). Animals were given subcutaneous injections of LNAME dissolved in normal saline at a dose of 100 mg/kg/day. Because high doses of LNAME can induce high blood pressure (Guzman), which in turn, can induce vascular remodeling [@pone.0101721-Schiffrin1], blood pressure was measured in animals treated with LNAME using a forelimb cuff sphygmomanometer before drug treatment and before sacrifice, to confirm that drug treatment did not induce high blood pressure ([Figure 1](#pone-0101721-g001){ref-type="fig"}, p = 0.68). In normotensive animals, LNAME can inhibit NOS activity [@pone.0101721-Dumont1] and flow-induced vascular remodeling [@pone.0101721-Dumont1], [@pone.0101721-Guzman1].

![Systolic blood pressure of ligated animals treated with LNAME.\
The average blood pressure in rabbits was taken pre- and post- LNAME administration. LNAME treatment does not change blood pressure. NS indicates no statistically significant difference (p = 0.68, Mann-Whitney U-test).](pone.0101721.g001){#pone-0101721-g001}

In a separate group (n = 5), ligated rabbits were given intraperitoneal injections of the superoxide scavenger 1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL). TEMPOL was dissolved in normal saline and administered at 250 mg/kg/day. For both drugs, injections began one day before ligation surgery and were subsequently administered daily until sacrifice 5 days later. Both LNAME and TEMPOL groups were compared to ligated rabbits receiving no drug treatment (n = 7).

Histology and Aneurysm Scoring {#s2d}
------------------------------

All animals were sacrificed 5 days after ligation by intravenous injection of sodium pentobarbital (100 mg/kg). Upon sacrifice, the vertebral arteries were perfused with 1 U/mL heparinized saline for 10 minutes and pressure fixed at 150 mmHg with 10% phosphate buffered formalin for 10 minutes. Brains were extracted from the animals and placed in 10% phosphate buffered formalin for at least 24 hours. The BT was excised, embedded in paraffin, and sectioned longitudinally at a 4 µm thickness. Slides were stained with Van Gieson stain and the slide with the most damage from each animal was used to assess degree of IA damage. Adjacent slides were used to assess molecular changes via immunofluorescence.

To access the degree of aneurysm damage, 3 histological characteristics of IAs (IEL loss, media thinning, and bulge formation) were measured in Van Gieson stained slides of the BT as previously described [@pone.0101721-Meng1], [@pone.0101721-Mandelbaum1]. Briefly, all three characteristic were measured as the sum of lengths \>50 µm along the vessel wall that met the following criteria: IEL loss was defined as complete absence of IEL; media thinning was defined as \>30% loss of media thickness (compared to the average media thickness measured downstream from the BT); and bulge formation was defined as gaps where the vessel wall deviated from tubular vascular structure. Three blinded observers performed histological examinations independently, and their individual data were averaged to generate the final measure for each observation. An aneurysm development score (ADS) was used to quantify the degree of IA damage in the slides, as described previously [@pone.0101721-Meng1]. The ADS is defined as the sum of the lengths of vessel wall where all three IA characteristics are present simultaneously, multiplied by the percentage of media thinning and divided by the BA diameter. An increase in the score indicates progressive aneurysmal development.

Immunohistochemistry and Quantitation {#s2e}
-------------------------------------

For immunofluorescence analysis, sections were de-paraffinized, rehydrated, and boiled in 10 mM citrate buffer (pH 6.0) for antigen retrieval. Sections were blocked in 5% normal donkey serum, and subsequently stained with primary antibodies against the following: eNOS (R&D, AF950), inducible NOS (iNOS; BD Transduction Labs, 610328), nNOS (Abcam, AB72428), nitrotyrosine (a marker for peroxynitrite; Chemicon, MAB5404), 8-hydroxyguanosine (a marker for ROS; Abcam, AB62623), MMP-2 (Millipore, MAB3308), or MMP-9 (Millipore, MAB3309). Samples were then incubated with donkey secondary antibodies conjugated with Alexafluor 647 (Jackson Immunoresearch), mounted with 4,6-diamidino-2-phenylindole (DAPI) containing media (Vector Labs) and imaged with a Zeiss Axio Imager Z1 microscope at 20x magnification. Sections were also co-stained for smooth muscle α-actin (Abcam) and β-actin (Abcam) and visualized with donkey anti-mouse rhodamine-conjugated and bovine anti-goat DyLight Fluor 649-conjugated secondaries (Jackson Immunoresearch), respectively.

To quantify immunofluorescence, average intensity was measured in defined regions of interest using ImageJ software (National Institutes of Health). To minimize inter-slide variability, specimens for any given molecular staining were stained at the same time. These slides were also imaged in a single session under identical conditions of magnification, illumination and exposure time. The background signal was subtracted from each image using Image-J rolling ball method with a defined radius of 50 pixels. Further noise reduction was achieved by excluding pixels as indistinguishable from background if they were less than one standard deviation from the mean pixel intensity of the entire image. The region of interest for analysis was defined as a 800 µm length of vessel wall centered at the BT. This length has been empirically determined to include the zone of IA damage in the majority of slides. Staining intensity was then measured in the media and intima by manually outlining these regions to segment them from the auto-fluorescent IEL and surrounding tissue. MMP-2 and MMP-9 staining were quantified as the percent of tissue that stained positive, which was determined by taking the area of the region of interest, in which staining intensity exceeded the mean image intensity of the whole image plus one standard deviation, and dividing by the area of the region of interest.

Statistical analysis {#s2f}
--------------------

All values are expressed as mean ± standard error of mean. Statistical analyses were performed using Minitab 16 software (Minitab Inc.). Mann-Whitney U tests were used to test for statistical significance for all comparisons. For all statistical tests, differences were considered significant at p≤0.05. In circumstances where statistically significant differences were found in immunofluoroescent staining or in the overall ADS, a post hoc power analysis was performed using SigmaXL. [Table 1](#pone-0101721-t001){ref-type="table"} provides a summary of statistical power.

10.1371/journal.pone.0101721.t001

###### Sensitivity as determined using post hoc power analysis.

![](pone.0101721.t001){#pone-0101721-t001-1}

  Assessment                    Comparison           Figure   Power (1-Beta)
  -------------------- ---------------------------- -------- ----------------
  ADS                   Ligated vs. Ligated+LNAME      2           0.95
  eNOS                       Sham vs. Ligated          3           0.99
  8-Hydroxyguanosine         Sham vs. Ligated          5           0.99
  ADS                   Ligated vs. Ligated+TEMPOL     6           0.83
  8-Hydroxyguanosine    Ligated vs. Ligated+Tempol     6           0.86
  Alpha Actin                Sham vs. Ligated          7           0.99
  Alpha Actin           Ligated vs. Ligated+LNAME      7           0.86
  Alpha Actin           Ligated vs. Ligated+TEMPOL     7           0.86
  MMP2                       Sham vs. Ligated          7           0.84
  MMP2                  Ligated vs. Ligated+LNAME      7           0.95
  MMP2                  Ligated vs. Ligated+TEMPOL     7           0.82
  MMP9                       Sham vs. Ligated          7           0.73
  MMP9                  Ligated vs. Ligated+LNAME      7           0.70

Results {#s3}
=======

NOS inhibition decreased IA initiation {#s3a}
--------------------------------------

All rabbits with bilateral carotid ligation (n = 7) experienced increased flow as described [@pone.0101721-Gao1], [@pone.0101721-Meng1], [@pone.0101721-Metaxa1], [@pone.0101721-Hoi1] and verified by transcranial Doppler ultrasonography measurements. Ligated animals exhibited aneurysmal damage at the BT 5 days after surgery, as we have previously reported [@pone.0101721-Meng1]. Changes included IEL loss, media thinning, bulge formation, and increased ADS ([Figure 2A](#pone-0101721-g002){ref-type="fig"}). To determine if NOS activity contributed to the aneurysmal damage, an additional 7 carotid ligated rabbits were treated with LNAME, an inhibitor of NOS activity. Van Gieson's stain of the BT showed decreased IA damage in LNAME-treated animals compared to non-drug treated rabbits. Specifically, IEL was nearly intact in LNAME-treated animals ([Figure 2B](#pone-0101721-g002){ref-type="fig"}), whereas untreated ligated animals had large zones of IEL loss ([Figure 2A](#pone-0101721-g002){ref-type="fig"}). Furthermore, individual markers of aneurysm initiation -- IEL loss, aneurysm bulge length and media thinning -- were reduced by LNAME ([Figure 2C](#pone-0101721-g002){ref-type="fig"}; p = 0.007, p = 0.005 and p = 0.007, respectively), and the composite ADS was significantly lower with LNAME treatment (p = 0.005).

![LNAME inhibited flow-induced aneurysm initiation at the BT.\
(A) Van Gieson's stain of the basilar terminus (BT) 5 days after bilateral common carotid artery ligation shows a long region of the vessel wall (between red arrows) exhibiting IEL loss, bulge formation and medial thinning. (B) BT in LNAME-treated animals 5 days after ligation had intact IEL and little bulge formation and medial thinning. Scale bars = 100 µm. (C) The lengths of IEL loss, bulging, media thinning, and the composite aneurysm development score (ADS) were all reduced with LNAME treatment as compared to untreated ligated animals. Bars represent mean ± standard error. \*Statistically significant difference between ligated and LNAME-treated groups (p\<0.05, Mann-Whitney U-test).](pone.0101721.g002){#pone-0101721-g002}

IA hemodynamics increased eNOS, but not nNOS or iNOS {#s3b}
----------------------------------------------------

To determine potential sources of NOS activity that were inhibited by the LNAME treatment, the BT was stained for eNOS, nNOS, and iNOS protein ([Figure 3](#pone-0101721-g003){ref-type="fig"}). Immunofluorescent staining for eNOS was localized to the intima as expected ([Figure 3A and 3B](#pone-0101721-g003){ref-type="fig"}). The intensity of eNOS staining in the intima was significantly higher in 5-day ligated animals compared to sham-operated animals ([Figure 3C](#pone-0101721-g003){ref-type="fig"}; p = 0.037). In contrast, nNOS was weakly expressed in the artery wall and was more prevalent in the media. There was little difference in nNOS staining of the BT in between ligated and sham-operated animals ([Figure 3E and 3D](#pone-0101721-g003){ref-type="fig"}). A small decrease in nNOS staining was measured in both the intima and media of the 5-day ligated rabbits, but this change was not significant ([Figure 3F](#pone-0101721-g003){ref-type="fig"}; p = 0.21 and p = 0.21, respectively). iNOS staining was unremarkable in both sham-operated and ligated animals ([Figure 3G and 3H](#pone-0101721-g003){ref-type="fig"}) and no difference in staining was detected in the intima or the media ([Figure 3I](#pone-0101721-g003){ref-type="fig"}; p = 0.54 and p = 0.27, respectively). Thus eNOS may be the important isoform in aneurysm initiation.

![eNOS increased in the intima of the BT 5 days after ligation.\
eNOS (A, B), nNOS (D, E) and iNOS (G, H) proteins were detected by indirect immunofluorescence at the BT in sham-operated (A, D, G) and carotid-ligated animals (B, E, H). Scale bar = 100 µm. eNOS was significantly higher in the intima of 5-day ligated animals compared to sham-operated animals (C). In contrast, nNOS (F) and iNOS (I) showed slightly lower staining in both the intima and media of 5-day ligated animals; however these differences did not reach statistical significance. Bars represent mean ± standard error. \*Statistically significant difference between ligated and sham surgery groups (p\<0.05, Mann-Whitney U-test). NS indicates no significant difference.](pone.0101721.g003){#pone-0101721-g003}

IA-initiating hemodynamics did not affect peroxynitrite {#s3c}
-------------------------------------------------------

NOS can cause cell injury by producing peroxynitrite, a protein- and DNA- damaging anion formed when NO reacts with superoxide [@pone.0101721-Pacher1]. Therefore, we tested for changes in peroxynitrite by staining for one of its reaction products, nitrotyrosine ([Figure 4](#pone-0101721-g004){ref-type="fig"}). Nitrotyrosine was detected throughout all layers of the BT in both sham-operated and 5-day ligated animals ([Figure 4A and 4B](#pone-0101721-g004){ref-type="fig"}). However, measurement of nitrotyrosine staining, specifically in the intimal and medial layers, indicated no significant difference in intensity between the two groups ([Figure 4C](#pone-0101721-g004){ref-type="fig"}; intima, p = 1 and media, p = 0.902) suggesting that NOS-mediated damage is not from peroxynitrite.

![Lack of peroxynitrite formation during flow-induced aneurysm initiation.\
The BTs were harvested from rabbits 5 days after receiving either sham surgery or bilateral carotid ligation, then stained for the peroxynitrite marker, nitrotyrosine. (A) Immunofluorescent staining of nitrotyrosine at the apex of sham-operated animals compared to (B) nitrotyrosine in an area of aneurysmal damage at the BT. Scale bar = 100 µm. (C) Average intensity of immunostaining of nitrotyrosine did not change in the initima or the media of the BT. Bars represent mean ± standard error. NS indicates no statistically significant difference between ligated and sham surgery groups (p≤0.05, Mann-Whitney U-test).](pone.0101721.g004){#pone-0101721-g004}

IA-initiating hemodynamics increased ROS, but inhibition with LNAME did not affect superoxide production {#s3d}
--------------------------------------------------------------------------------------------------------

Given that peroxynitrite was not elevated, we next asked if eNOS caused aneurysm damage because it was uncoupled and producing superoxide instead of NO [@pone.0101721-VasquezVivar1]. BT tissue was stained for 8-hydroxyguanosine, a product of DNA oxidation by superoxide ([Figure 5](#pone-0101721-g005){ref-type="fig"}). 8-hydroxyguanosine was present in all layers of the BT in ligated animals vs. sham-operated animals ([Figure 5B and 5A](#pone-0101721-g005){ref-type="fig"}). Quantitation of the average fluorescence intensity in regions of aneurysmal damage ([Figure 5D](#pone-0101721-g005){ref-type="fig"}) showed a significant increase of 8-hydroxyguanosine in the media (p = 0.012) but no significant change in the intima (p = 1). However, when we stained for 8-hydroxyguanosine in NOS-inhibited animals ([Figure 5C](#pone-0101721-g005){ref-type="fig"}), there was no difference in staining between animals treated with LNAME and untreated ligated animals ([Figure 5C](#pone-0101721-g005){ref-type="fig"} vs. 5B). Quantitative analysis further confirmed that 8-hydroxyguanosine ([Figure 5D](#pone-0101721-g005){ref-type="fig"}) did not significantly change in either the intima (p = 0.531) or the media (p = 0.753). This suggests that (a) the elevated superoxide was [not]{.ul} produced by eNOS, and (b) the eNOS-dependent IA damage was not mediated by superoxide.

![Superoxide increased in the media of the BT 5 days after ligation.\
8-hydroxyguanosine, a marker of ROS, was detected by indirect immunofluorescence at the BT of rabbits that received: (A) sham surgery, (B) bilateral CCA ligation, and (C) ligation with LNAME treatment. Scale bar = 100 µm. D) 8-hydroxyguanosine was significantly higher in the media, but not in the intima of ligated animals compared to sham-operated animals. Compared to ligated rabbits, LNAME treatment did not change 8-hydroxyguanosine levels in the intima or the media of the BT. Bars represent mean ± standard error. \*Statistically significant difference between groups (p≤0.05, Mann-Whitney U-test). NS indicates no significant difference.](pone.0101721.g005){#pone-0101721-g005}

Scavenging superoxide decreased IA initiation {#s3e}
---------------------------------------------

To determine if the elevated superoxide observed in the media contributed to IA initiation, ligated animals were treated with TEMPOL ([Figure 6](#pone-0101721-g006){ref-type="fig"}), which depletes superoxide by dismutation and/or scavenging. Depletion of superoxide was confirmed by examining 8-hydroxyguanosine in the BT of TEMPOL-treated and untreated ligated animals ([Figure 6D](#pone-0101721-g006){ref-type="fig"} vs. 6E). Immunofluorescent staining ([Figure 6F](#pone-0101721-g006){ref-type="fig"}) showed significantly lower levels of 8-hydroxyguanosine in the media (p = 0.048) in TEMPOL-treated animals. 8-hydroxyguanosine staining was also reduced in the intima by TEMPOL, but this difference was not statistically significant (p = 0.539). This depletion of superoxide was accompanied by a decrease in the severity of aneurysm formation at the BT ([Figure 6A](#pone-0101721-g006){ref-type="fig"} vs. 6B). All of the indicators of aneurysmal damage -- IEL loss, bulge, and media thinning -- were lower in TEMPOL-treated animals. Although the individual decreases were not statistically significant (p = 0.143, p = 0.329, and p = 0.104, respectively), the composite ADS was significantly decreased by TEMPOL ([Figure 6C](#pone-0101721-g006){ref-type="fig"}; p = 0.034). Furthermore, although there was some local patchiness in eNOS distribution, there was no difference in overall eNOS staining intensity between ligated animals treated with TEMPOL and untreated ligated animals ([Figure 6G](#pone-0101721-g006){ref-type="fig"} vs. 6H). Quantitative analysis ([Figure 6I](#pone-0101721-g006){ref-type="fig"}) confirmed that eNOS staining did not significantly change in the intima across the portion of the BT where hemodynamic aneurysm initiation normally occurs after carotid ligation (p = 0.691).

![TEMPOL inhibition of flow-induced aneurysm initiation at the BT.\
A) Van Gieson's stain of the BT 5 days after bilateral CCA ligation shows extensive IEL loss, slight bulge formation, and medial thinning (between red arrows). B) BT in TEMPOL-treated animals 5 days after ligation showed only slight IEL loss (red arrow) and minimal bulge formation and medial thinning. (C) The composite ADS was significantly lower 5 days after ligation in TEMPOL-treated versus untreated ligated animals. The lengths of IEL loss, bulging, and media thinning were all reduced, but these differences did not reach statistical significance. (D) Immunofluorescent staining of 8-hydroxyguanosine at the BT of CCA ligated animals compared to (E) ligated animals treated with TEMPOL. (F) Average intensity of 8-hydroxyguanosine was significantly lower in the media of TEMPOL-treated animals. (G) Immunofluorescent staining of eNOS at the BT of CCA ligated animals compared to (H) eNOS in ligated animals treated with TEMPOL. (I) There was no difference in eNOS intimal staining between animals with versus without TEMPOL. Scale bar = 100 µm. Bars in graphs represent mean ± standard error. \* indicates statistically significant difference between groups (p≤0.05, Mann-Whitney U-test); NS indicates no significant difference.](pone.0101721.g006){#pone-0101721-g006}

TEMPOL and LNAME treatments decreased SMC de-differentiation and MMP protein levels {#s3f}
-----------------------------------------------------------------------------------

To further understand the roles of eNOS and superoxide in aneurysm initiation, we next tested if eNOS activity and superoxide affected MMP production and SMC phenotype. For this purpose, we examined α-actin, a marker of contractile phenotype, in SMCs at the BT of sham-operated, ligated and drug treated animal groups. Consistent with previous results [@pone.0101721-Mandelbaum1], the BT of ligated animals had weaker α-actin staining as compared to sham-operated animals ([Figure 7A, B, E](#pone-0101721-g007){ref-type="fig"}; p = 0.028). This indicates deviation from the usual SMC contractile phenotype. α-actin staining in ligated animals treated with LNAME was similar to sham-operated animals ([Figure 7A](#pone-0101721-g007){ref-type="fig"} vs. 7C), and α-actin was significantly higher in LNAME-treated vs. ligated animals with no drug treatment ([Figure 7E](#pone-0101721-g007){ref-type="fig"}; p = 0.041). In a similar manner, ligated animals treated with TEMPOL showed significantly more α-actin ([Figure 7D](#pone-0101721-g007){ref-type="fig"}) when compared to untreated ligated animals ([Figure 7D](#pone-0101721-g007){ref-type="fig"} vs 7B and 7E; p = 0.03). To confirm that α-actin levels did not change because of SMC loss, we stained for β-actin and found that β-actin remains relatively constant among groups ([Figure 7E](#pone-0101721-g007){ref-type="fig"}).

![LNAME and TEMPOL restored α-actin and decreased MMPs at the BT of ligated animals.\
Smooth muscle α-actin, MMP-2 and MMP-9 proteins were detected by immunofluorescence in sham-operated animals (A, F, K), and in CCA ligated animals given no inhibitors (B, G, L), or treated with LNAME (C, H, M), or TEMPOL (D, I, N). α-actin staining in the media significantly decreased at the BT following ligation (B) compared to sham-operated animals (A), but was restored with either LNAME (C) or TEMPOL (D) treatment. MMP-2 staining increased at the BT following ligation (G) compared to the sham surgery group (F), and was decreased with either LNAME (H) or TEMPOL (I) treatment. Similarly, MMP-9 staining in the media increased at the BT following ligation (L) compared to sham-operated animals (K), and was decreased with either LNAME (M) or TEMPOL (N) treatment. Scale bar = 100 µm. Panels E, J and O show quantitative analysis of these stainings. (E) Intensity of α-actin and β-actin were measured in SMCs at the BT. α-actin was decreased by ligation but increased with both LNAME and TEMPOL treatments while β-actin did not change among groups. Quantification of MMP-2 (J) and MMP-9 (O) immunofluorescence indicated significant changes in the percent area of positive staining at the BT. While TEMPOL treatment decreased MMP-9 staining compared to untreated ligated animals the change was not statistically significant. Bars represent mean ± standard error. \*Statistically significant difference between groups (p≤0.05, Mann-Whitney U-test). NS indicates no significant difference.](pone.0101721.g007){#pone-0101721-g007}

As previously demonstrated [@pone.0101721-Kolega1], [@pone.0101721-Mandelbaum1], MMP-2 and MMP-9 protein were present and high in regions adjacent to the apex of the BT in ligated animals ([Figure 7G, K to 7L](#pone-0101721-g007){ref-type="fig"}). The proportion of the vessel wall that stained positively for MMP-2 and MMP-9 was significantly higher in ligated animals than those receiving sham surgery ([Figure 7J](#pone-0101721-g007){ref-type="fig"}; p = 0.020 and [Figure 7O](#pone-0101721-g007){ref-type="fig"}; p = 0.037, respectively). LNAME inhibited this response for MMP-2 and MMP-9 (compare [Figure 7G to 7H](#pone-0101721-g007){ref-type="fig"} and [Figure 7L to 7M](#pone-0101721-g007){ref-type="fig"}, respectively). The percent area of tissue staining positively for MMP-2 and MMP-9 was significantly reduced in LNAME treated animals ([Figure 7J](#pone-0101721-g007){ref-type="fig"}; p = 0.030 and [Figure 7O](#pone-0101721-g007){ref-type="fig"}; p = 0.037, respectively). Treatment with TEMPOL also decreased both MMP-2 and MMP-9 ([Figure 7I and 7N](#pone-0101721-g007){ref-type="fig"}, respectively). This reduction was significant for MMP-2 ([Figure 7J](#pone-0101721-g007){ref-type="fig"}; p = 0.037), but not for MMP-9 ([Figure 7O](#pone-0101721-g007){ref-type="fig"}; p = 0.296).

Discussion {#s4}
==========

The results of the current study strongly suggest that under hemodynamic insult, increases in eNOS activity and/or superoxide production contribute to IA initiation. Both molecules affect SMC phenotype, increasing MMP production and aneurysmal damage.

eNOS activity and superoxide production are both effectors of hemodynamic IA initiation {#s4a}
---------------------------------------------------------------------------------------

Our results indicate that NOS activity reduces smooth muscle α-actin and increases MMPs during flow-induced IA formation. Specifically, eNOS, and not iNOS or nNOS, was significantly upregulated during aneurysm initiation, highlighting eNOS as the mediator of IA initiation. The relative importance of eNOS over the other NOS isoforms is consistent with the hemodynamic and non-inflammatory nature of the IA initiation model. nNOS is constitutively expressed in vascular cells but does not respond to increased wall shear stress [@pone.0101721-Melikian1]. iNOS expression and activity is associated with macrophage infiltration into the vessel wall, which is typically seen in well-developed human aneurysms or weeks to months after aneurysm induction in animals. Previous studies in this rabbit IA model show little or no inflammatory cell infiltration during early aneurysm remodeling, and when inflammatory cells were present, they were found exclusively in the adventitia and not localized to the area of IA initiation [@pone.0101721-Kolega1], [@pone.0101721-Mandelbaum1]. Furthermore, systemic depletion of macrophages fails to inhibit IA initiation [@pone.0101721-Mandelbaum1]. The high wall shear stress environment under which aneurysms first initiate is not conducive for inflammatory cell infiltration, which requires substantial blood residence time. In contrast, eNOS expression and activity are flow sensitive and have been shown to increase under chronically elevated wall shear stress [@pone.0101721-Dumont1], [@pone.0101721-Metaxa2]. Thus, eNOS is well-positioned to act as an effecter of hemodynamic aneurysm initiation.

Although eNOS primarily generates NO, when uncoupled it can produce superoxide. Superoxide generated from eNOS uncoupling has been associated with vascular diseases such as atherosclerosis, hypertension and diabetes [@pone.0101721-Fukai1]. In the current study however, it appears that flow-induced superoxide was not generated by eNOS. ROS did not change in LNAME treated animals. Because of its structural similarity to L-arginine, LNAME can bind NOS to competitively inhibit NO production in the coupled state and superoxide production in the uncoupled state. Furthermore, in our experiments, ROS was only elevated in the media, whereas eNOS increased exclusively in the intima. From these results we deduce that during IA initiation, eNOS does not produce ROS and that LNAME inhibits aneurysm damage by inhibiting the production of NO.

Although eNOS was not responsible for the elevated superoxide observed during IA initiation, superoxide did contribute to IA initiation. Superoxide scavenging via TEMPOL significantly reduced ROS production in the media and attenuated aneurysm development. ROS is believed to affect SMC phenotypic, causing a change from a contractile phenotype to "synthetic" phenotype. When synthetic, SMCs produce matrix components, upregulate MMPs and inflammatory cytokines, and exhibit increased proliferation and migration -- responses associated with atherosclerotic lesion development [@pone.0101721-Gomez1], [@pone.0101721-Orr1]. Our data indicate that superoxide may also modulate SMC phenotype during IA development. SMC de-differentiation in response to flow-induced superoxide may facilitate IEL damage and medial thinning through MMP upregulation. It is interesting to note that NADPH oxidase has been found upregulated in the vessel wall, including the media, of hypertensive rodents during IA formation [@pone.0101721-Aoki2], and this superoxide generator has been associated with decreased SMC contractile markers [@pone.0101721-West1]. Thus, NADPH oxidase may be of particular importance in follow-up studies to further elucidate the role of superoxide in flow-mediated aneurysm initiation.

Because NO and superoxide both contribute to IA initiation by increasing MMPs both molecules could be acting through some common mediator. In other systems, such a role has been ascribed to peroxynitrite, a cytotoxic agent that elicits a range of cellular responses, from minor changes in cell signaling to necrosis and apoptosis [@pone.0101721-Pacher1]. However, at the BT, peroxynitrite levels did not change under aneurysm-inducing flow conditions. An alternative candidate is NF-κB, a transcriptional regulator of MMPs that is found in SMCs of hemodynamically induced IAs [@pone.0101721-Mandelbaum1] and which is activated by both NO [@pone.0101721-McAdam1] and superoxide [@pone.0101721-Wang1]. Further studies are required to determine whether NO and superoxide affect SMCs via a common mediator or through independent signaling mechanisms.

Role of eNOS-derived NO in flow-induced IA initiation {#s4b}
-----------------------------------------------------

eNOS-derived NO is conventionally considered a protective molecule in the vasculature -- it facilitates vasodilation and prevents platelet aggregation and leukocyte attachment to the endothelium [@pone.0101721-Forstermann1]. Surprisingly, however, we found that eNOS activity causes vascular damage, promoting increased MMPs and facilitating IA initiation. Moreover, inhibiting eNOS did not affect superoxide levels, so the responsible eNOS product was presumably NO.

The damaging effect of NO in our hemodynamics-only IA model may be analogous to responses seen in flow-loaded arteries that undergo non-aneurysmal, adaptive expansive remodeling. Outward expansion of a flow-loaded straight vessel is facilitated by endothelium-derived NO activity. Specifically, NO promotes the upregulation of MMP-2 and MMP-9 in ECs and SMCs to allow for arterial distensibility by fragmenting the IEL [@pone.0101721-Tronc1], [@pone.0101721-Castier1]. Furthermore, during expansive remodeling, SMCs display a non-contractile phenotype [@pone.0101721-Buus1]--[@pone.0101721-Sho1], and inflammatory cells are scant [@pone.0101721-Jones1], [@pone.0101721-Nuki1], much as we observe in early stages of an IA. Thus, under high flow conditions, NO can promote vascular remodeling through mural cell-mediated mechanisms.

In contrast to our study, a protective effect of eNOS during IA development has been found in rodents. Specifically, mice with double knockout of eNOS and nNOS [@pone.0101721-Aoki1] have increased IA formation compared to wild type animals. However, rodents were primed with additional risk factors, including high salt diet and renal artery ligation to induce hypertension, which can upregulate inflammatory cytokines and promote inflammatory cell infiltration [@pone.0101721-Montezano1]. The eNOS-knockout mice are likely to be more susceptible to aneurysm initiation because of the pro-inflammatory effects of hypertension. Indeed, inflammatory cell infiltration and macrophage-derived MMPs have been found to facilitate aneurysm formation in that model [@pone.0101721-Aoki3], [@pone.0101721-Aoki4].

The role of NO in IA initiation is thus complex. NO alters cell adhesion mechanisms in endothelial cells to prevent leukocyte attachment [@pone.0101721-Forstermann1]. In conditions that promote vascular inflammation (e.g., hypertension) eNOS levels are reduced in the endothelium [@pone.0101721-Aoki1], [@pone.0101721-Fukuda1], vessels become prone to infiltration, and inflammatory cells are found in the wall at aneurysm initiation sites [@pone.0101721-Aoki3], [@pone.0101721-Aoki4]. The complete loss of NO in eNOS knockout mice would exacerbate this effect, and so the greater aneurysmal damage observed in such models may be due to inflammatory infiltration rather than SMC activity [@pone.0101721-Aoki1]. In contrast, under flow-loading conditions in normal animals, eNOS levels are increased [@pone.0101721-Dumont1], [@pone.0101721-Metaxa2], which may explain the lack of early inflammatory infiltration in aneurysms induced by flow alone [@pone.0101721-Kolega1], [@pone.0101721-Mandelbaum1]. Meanwhile, endothelial produced NO diffusing to neighboring SMCs can induce phenotype change and MMP production. It is then SMC-derived MMPs that drive aneurysmal damage. Thus, there may be different NO-mediated routes to aneurysm development, depending on the initial health of the vessel.

NO and superoxide may have additive or synergistic effects on aneurysmal damage {#s4c}
-------------------------------------------------------------------------------

It is clear that both eNOS activity and superoxide are effectors of IA initiation. It is interesting to note that when eNOS activity was inhibited, ROS was still elevated; yet IA damage was substantially reduced. Likewise, IA formation was inhibited when superoxide was depleted without any treatment to block NOS. Thus it appears that neither signaling molecule elicits a full aneurysmal response on its own. IA initiation may be likened to a marble spilling from a bowl [@pone.0101721-Dolan1], [@pone.0101721-Meng2]. A vessel homeostasis exists when the marble sits in the bottom of the bowl, and aneurysm-initiating factors are perturbations of the marble. If the perturbation is insufficient to move the marble over the edge of the bowl, the marble is able to return to equilibrium, but when the marble is pushed over the edge, irreversible progression to aneurysm occurs. Pre-existing IA risk factors such as hypertension, smoking, and genetic predisposition, would decrease the height of the bowl edge, so that smaller perturbations can result in aneurysm. NOS activity and superoxide represent forces that can perturb the marble, and together, push the marble over the edge. In our system when one is absent (inhibited), the force is no longer sufficient to push the marble over the edge, and IA is less likely to occur.

Conclusion {#s5}
==========

NO production from eNOS and superoxide can both contribute to mural damage leading to IA initiation. Both molecules are involved in eliciting SMC phenotype change and MMP production in response to hemodynamic insult to promote aneurysm damage.
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